An optical cavity enhances the interaction between atoms and light, and the rate of coherent atom-photon coupling can be made larger than all decoherence rates of the system. For single atoms, this 'strong coupling regime' of cavity quantum electrodynamics 1,2 has been the subject of many experimental advances. Efforts have been made to control the coupling rate by trapping 3,4 the atom and cooling 5, 6 it towards the motional ground state; the latter has been achieved in one dimension so far 5 . For systems of many atoms, the three-dimensional ground state of motion is routinely achieved 7 in atomic Bose-Einstein condensates (BECs). Although experiments combining BECs and optical cavities have been reported recently 8, 9 , coupling BECs to cavities that are in the strong-coupling regime for single atoms has remained an elusive goal. Here we report such an experiment, made possible by combining a fibre-based cavity 10 with atom-chip technology
has been the subject of many experimental advances. Efforts have been made to control the coupling rate by trapping 3,4 the atom and cooling 5, 6 it towards the motional ground state; the latter has been achieved in one dimension so far 5 . For systems of many atoms, the three-dimensional ground state of motion is routinely achieved 7 in atomic Bose-Einstein condensates (BECs). Although experiments combining BECs and optical cavities have been reported recently 8, 9 , coupling BECs to cavities that are in the strong-coupling regime for single atoms has remained an elusive goal. Here we report such an experiment, made possible by combining a fibre-based cavity 10 with atom-chip technology 11 . This enables single-atom cavity quantum electrodynamics experiments with a simplified set-up and realizes the situation of many atoms in a cavity, each of which is identically and strongly coupled to the cavity mode 12 . Moreover, the BEC can be positioned deterministically anywhere within the cavity and localized entirely within a single antinode of the standing-wave cavity field; we demonstrate that this gives rise to a controlled, tunable coupling rate. We study the heating rate caused by a cavity transmission measurement as a function of the coupling rate and find no measurable heating for strongly coupled BECs. The spectrum of the coupled atoms-cavity system, which we map out over a wide range of atom numbers and cavity-atom detunings, shows vacuum Rabi splittings exceeding 20 gigahertz, as well as an unpredicted additional splitting, which we attribute to the atomic hyperfine structure. We anticipate that the system will be suitable as a light-matter quantum interface for quantum information 13 . The interaction of an ensemble of N atoms with a single mode of radiation has been a recurrent theme in quantum optics at least since the work of Dicke 14 , who showed that under certain conditions the atoms interact with the radiation collectively, giving rise to new effects such as superradiance. Recently, collective interactions with weak fields, with and without a cavity, have become a focus of theoretical and experimental investigations, especially since it became clear that they can turn the ensemble into a quantum memory 13, 15 . Such a memory would become a key element for processing quantum information 13, 16 if realized with near-unit conversion efficiency and long storage time. The figure of merit determining the probability of converting an atomic excitation into a cavity photon (a 'memory qubit' into a 'flying qubit') is the collective cooperativity C N~g 2 N =(2kc), where g N is the collective coupling strength 17 between the ensemble and the field, 2k is the cavity photon decay rate and 2c the atomic spontaneous emission rate. (Up to a factor of order 1, C N is the single-pass optical depth of the atomic sample multiplied by the cavity finesse F .) For weak excitation, to which we restrict ourselves throughout this Letter, g N~ffi ffiffiffi N p g g 1 , where g g
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r(r) N g 1 (r) j j 2 dr, g 1 (r) is the position-dependent single-atom coupling strength and r(r) is the atomic density distribution: the ensemble couples to the mode as a single 'superatom' with a coupling strength increased by ffiffiffiffi N p . In the strong-coupling regime g N . k,c, which is realized in our cavity even for N 5 1, the atomic ensemble oscillates between its ground state and a symmetric excited state where a single excitation is shared by all the atoms.
The coupled atoms-cavity system has dressed states of energies
where D C 5 v C 2 v A , v C and v A being the cavity and atom resonance frequencies. When the cavity is tuned to atomic resonance (D C 5 0), these states are separated by the vacuum Rabi frequency 1, 2 2g N . The collective interaction and ffiffiffiffi N p scaling are not a consequence of atomic quantum statistics, but apply to thermal and quantum degenerate bosons and fermions, and even to non-identical particles having the same transition moment 2, 18 , for a wide range of conditions in which interparticle correlations in the initial atomic state are negligible (see Supplementary Information) . Nevertheless, the spatial coherence, fundamentally lowest kinetic energy and smallest size of a BEC influence its interaction with light, and make it the most desirable atomic state in many situations of conceptual and practical interest: the BEC makes it possible to maximize the coupling and avoid decoherence effects associated with spatial inhomogeneities and with atomic motion 15 . In the free-space case, some of these aspects have been shown in detail for the case of superradiance, where reduced Doppler broadening in the condensate increased the coherence time by a factor of 30 over a thermal cloud at the transition temperature, making the effect observable only in the BEC 19 . Here we take advantage of the fact that the BEC has the smallest possible position spread in a given trap. This allows us to load the BEC into a single site of a far-detuned intracavity optical lattice. By choosing the lattice site, we achieve well-defined, maximized atomfield coupling in the standing-wave cavity field, where the local coupling varies as g 1 (x,r H ) 5 g 0 cos(2px/l C )exp(2r H 2 /w 2 ) (here x and r H are respectively the longitudinal and transverse atomic coordinates, and w and l C 5 2pc/v C are respectively the mode radius and wavelength). This is an important improvement for applications such as the quantum memory. Furthermore, BEC-cavity quantum electrodynamics (QED) experiments such as ours and a simultaneous similar one 12 can be used to study BECs in the regime of very small atom numbers where the mean-field approximation breaks down, and may allow observation of effects such as a predicted slight modification of the refractive index of the atomic sample close to the BEC transition 20 , and differences between quantum phases in transmission spectra of cavities containing a degenerate gas in an optical lattice 21 . We have developed a novel type of fibre-based Fabry-Perot (FFP) cavity 10, 22 , which achieves large single-atom peak coupling rates g 0 through reduced mode volume and high mirror curvature (see Methods), without the difficulties associated with evanescent fields in microtoroidal 23 or microsphere cavities. The set-up is shown in Fig. 1 . The combination (g 0 5 2p 3 215 MHz, k 5 2p 3 53 MHz, c 5 2p 3 3 MHz) places our cavity in the single-atom strong coupling regime, and leads to a high single-atom cooperativity C 0 5 145. Despite its finesse, which is an order of magnitude below that of standard cavities used in cavity QED, the performance data of our cavity are comparable or superior to most of those, while all the dynamics occurs on a faster timescale. Two laser beams are coupled into the cavity through the input fibre-a weak tunable probe beam (frequency v L ), and an optional far-detuned beam at l D 5 830.6 nm used to form a one-dimensional optical lattice along the cavity axis.
Using a combination of chip currents and external magnetic fields, a BEC or cold thermal cloud of 87 Rb atoms in the jF 5 2,m F 5 2ae ground state is prepared inside the cavity, and then positioned anywhere within the cavity mode. The slow axis of the magnetic trap can be oriented along the cavity axis x or perpendicular to it along y. Atom-field interaction is studied either directly in this trap, or after switching on the far-detuned lattice to increase the confinement and gain control over the coupling rate. For magnetic trapping and also for weak lattices, we are able to observe an intact BEC after its interaction with the cavity field (Fig. 1d ). For lattices with trapping frequency above n x < 20 kHz, technical fluctuations in the lattice potential 3 , possibly due to laser intensity noise, heat up the condensate. In the following, we describe three experiments that explore the main aspects of atoms-field interaction in our system. First, we study the position dependence of g N (x) and show that a full control is achieved. Second, we observe the dependence of g N on atom number, and map out the energies of the dressed states. Finally, we investigate the heating of a condensate by the intracavity field.
To study the position dependence of g N (x), we start by placing a BEC containing N < 1,000 atoms at a position x a on the cavity axis in a magnetic trap oriented along y (n x,z 5 2.7 kHz, n y 5 230 Hz, bias field B y < 1 G). We then ramp up a tight optical lattice with trapping frequencies n x 5 50 kHz, n y,z 5 2.4 kHz. The loaded atoms are now strongly confined in the combined trap, even though no longer Bosecondensed owing to the technical heating. As the lattice and the probed cavity mode have different wavelengths l D and l L , their overlap is modulated with a period l D l L /2(l D 2 l L ) 5 6.4 mm (Fig. 2a) . We measure g N (x a ) by sweeping the probe laser detuning
GHz in 50 ms, with cavity detuning D C 5 v C 2 v A 5 0. A transmission peak occurs at jD L j 5 g N when the lower dressed state is excited. Figure 2b shows the result for x a values spanning the full cavity length. We are able to reproduce the observed g N (x a ) by calculating the coupling of a gaussian cloud centred on a single lattice site. The corresponding fit (red line on Fig. 2b ) using the cloud diameter 2s x as a free parameter gives the value 2s x 5 130 nm, from which we deduce 2s y 5 2.7 mm, 2s z 5 1.8 mm based on the known ratio of the trapping frequencies and assuming thermal equilibrium (T 5 4.4 mK). This fit gives a good indication of s x , but does not prove single-site loading because a similar fit is obtained when considering several clouds in adjacent sites, each with 2s x 5 130nm.
To demonstrate unambiguously the transfer into a single lattice site, we measure the transmission as a function of x a in the dispersive regime, D L 5 D C 5 2p 3 2100 GHz, where it depends on the atomsinduced cavity resonance shift dv C 5 g N 2 /D L . If and only if single-site loading is achieved, transmission should change in steps between x a values corresponding to adjacent lattice sites. We use reduced increments dx a 5 40 nm, a BEC with N < 600 and a magnetic trap with n x,z 5 4 kHz, n y 5 230 Hz. Using analytical formulas 24 for the onedimensional/three-dimensional crossover regime applying to this BEC, we find a central radial diameter 2s x,z 5 2 3 1.37s ho 5 330 nm, where s ho is the harmonic-oscillator ground state radius. This BEC is loaded into a lattice with n x 5 100 kHz, n y,z 5 4.8 kHz (destroying the condensate, but producing stronger confinement along x), and the magnetic potential switched off. Figure 2c shows the transmission of the cavity. Each point is averaged over two experimental runs. Wellseparated plateaus are observed, corresponding to discrete values of g N in good agreement with the calculated transmissions for ensembles localized in a single lattice site with diameter 2s x 5 100 nm (horizontal lines). This experiment shows the deterministic transfer of the atom cloud into successively addressed single sites of the lattice, each of which is differently coupled to the cavity.
A crucial feature of the collective coupling is its scaling with atom number. Early strong-coupling cavity QED experiments measured this in an atomic-beam apparatus with fluctuations both in N and in the atomic spatial positions 25 . In our experiment, a BEC or a strongly confined cold thermal cloud minimize position fluctuations and N remains fixed (as long as the interaction time is short enough to induce no significant losses, which is fulfilled here). We vary N by forced evaporation, which produces BECs for N , 3,000. The transmission is measured at D C 5 0 while sweeping the probe laser, D L 5 2p 3 (0…6 13)GHz. N is determined independently by absorption imaging (which underestimates the number of atoms, see Methods). We can either perform the measurement after transferring the atoms into a combined trap (same parameters as Fig. 2b ), or directly in the magnetic trap, without an optical lattice. The combined trap destroys BECs, but increases the coupling when loading large thermal clouds; BECs confined in the magnetic trap alone remain intact after the measurement. The small, but measurable, difference shown in Fig. 3a 5 . For N , 1,000, the dressed state frequencies E + =B have the expected + ffiffiffiffi N p g g 1 dependence, with g g 1 <2p|200 MHz. The slower increase of the coupling for higher N in the thermal cloud spectrum is due to the growing size of the sample. The anticrossing for N < 2,000 can be understood qualitatively on the reasonable assumption that a few atoms are in the jF 5 1ae ground state. Atoms in jF 5 2ae have transitions to the upper and lower dressed states at frequencies v A 6 g N , whereas jF 5 1ae atoms have a transition at v A 1 D HFS , D HFS 5 2p 3 6.8 GHz being the ground state hyperfine splitting of 87 Rb. An anticrossing appears when the transition frequencies coincide at g N 5 D HFS . However, this simple model, as well as the model used in ref. 12 , cannot explain why the anticrossing occurs at larger detuning D L < 2p 3 8.5 GHz (see Supplementary  Information) . A complete understanding of this effect requires further investigation. Figure 3b shows a measurement of the complete dressed-state spectrum (equation (1)). Conditions are as in Fig. 3a , but now N < 750 is held constant and D C is varied. Again, the observed resonances are in good agreement with the expected eigenfrequencies 21 (a) and n res < 1.5 3 10 21 (b), leading to n < 2.9 3 10
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(a) and n < 5.5 3 10 22 (b) with atoms, at transmission peak.
MHz. For large cavity detunings jD C j ? g N , the dressed states of the system evolve towards the uncoupled states jg:N 2 1;e:1;n 5 0ae, where a single excitation is shared by all the atoms, and jg:N;e:0;n 5 1ae, for which the cavity contains a photon. (Here jgae and jeae are respectively the atomic ground and excited states, and n is the intracavity photon number.)
Finally, we measure the heating of a BEC caused by the intracavity field. To minimize technical heating, we use a purely magnetic trap (n x 5 230 Hz, n y,z 5 2.0 kHz). The BEC contains N < 800 atoms, and we use n res < 3.9 3 10 23 , D L 5 D C 5 0, and an interaction time of 10 ms. The BEC remains intact after the interaction with no measurable loss or heating if we maximize the coupling by positioning it on the cavity axis. We can vary the coupling by positioning the BEC at different heights z a relative to the centre of the mode. Figure 4 shows that the cavity transmission quickly drops to zero as the coupling increases, because the strongly coupled system is no longer resonant for D L 5 D C 5 0. (Note that the probe light is then mostly reflected from the non-resonant cavity, not scattered by the atoms.) The heating rate of the condensate is measured using time-of-flight imaging after the interaction (Fig. 4) . It exhibits two peaks corresponding to measurements where g N is high enough for the atoms to be excited, but still low enough to allow a non-zero intracavity field. In these regions the BEC is destroyed after the interaction, whereas it is left unaffected for jz a j . 18 mm and jz a j , 5 mm, corresponding to g N , 2p 3 10 23 MHz and g N . 2p 3 10 3 MHz. g N is calculated from z a and the measured N, averaging over the standing wave. The observed heating rate can be accounted for with a simple momentum-diffusion model 26, 27 (see Supplementary Information). This model predicts a peak heating rate about twice the observed value of ,400 cycles s 21 per atom, which is a satisfactory agreement given the uncertainty of our atom number calibration. For maximum coupling, the model yields a heating rate of 3 3 10 22 cycles s 21 per atom, which means that the whole BEC scatters an average of 0.24 photons during the interaction time.
In the experiments reported here, the small size of BECs was essential to produce an atomic ensemble with an extremely large, wellcontrolled, and homogeneous coupling rate. Although the quantum degeneracy appears to leave no trace in the interaction with photons, our system is well-suited to directly study BEC atom statistics 8 . The cavity should allow quantum non-demolition measurement of the BEC atom number 28 , and can be used as a single-atom detector with high quantum efficiency. Such a detector is sensitive to the internal atomic state and therefore highly suitable for use as a qubit detector. In the regime of atomic ensembles, compared to quantum light-matter interface experiments using non-condensed atoms in a cavity 16 , the BEC additionally offers collisional interaction between atoms that can reach large, well-defined values and can be used as a resource 29 . Proposals exist, for example, to use Raman transitions for transferring a small, exactly known number N e of BEC atoms into a different internal state 30 . With the addition of a transverse laser beam, the cavity could be used to convert such state into a N e -photon Fock state. Another, more technical advantage is the inherent fibre coupling of our cavities. We expect all of these properties to become important in future experiments.
METHODS SUMMARY
Our set-up features two FFP cavities mounted on an atom chip with 150 mm distance between their optical axes and the chip surface (Fig. 1) . Both cavities are tunable independently over a full spectral range with piezoelectric actuators. Cavity FFP1 used in the experiments has length d 5 38.6 mm, waist radius w 0 5 3.9 mm, finesse F 5 37,000 and field decay rate k~pc=(2F d)~2p|53MHz. The calculated maximum single-atom coupling rate is g 0 5 2p 3 215 MHz, yielding a resonant saturation photon number n 0 5 c 2 /(2g 0 2 ) < 1 3 10
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. The transmitted probe and lattice beams are separated after the output fibre, and the probe beam is detected with a photoncounting avalanche photodiode. The probe laser can be swept continuously over a range D L 5 v L 2 v A 5 62p 3 15 GHz, where v A is the frequency of the 5S 1/2 jF 5 2aeR5P 3/2 jF9 5 3ae transition of 87 Rb at l A 5 780.2 nm. BEC preparation is similar to our previous work. Absorption imaging inside and below the cavity is used for temperature and atom number measurements. Several effects lead to an underestimation of N in these images; atom numbers extracted from the cavity QED measurements by using calculated g g 1 values are systematically higher by about a factor of 2.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. TzL is the cavity finesse, which depends solely on the intensity transmission T and loss L of each mirror, but not on geometry. The second expression for C 0 shows that short cavities with strongly curved mirrors lead to high cooperativity. In our FFP cavity 10 , the concave mirror surfaces are realized on the cleaved surfaces of two optical fibre tips facing each other (Fig. 1b, c) . With this type of cavity, the optical axis can approach the chip surface to half a fibre diameter, and maximum coupling is achieved by placing the atoms in the gap between the mirrors, so that their distance from any material surface remains in the many-micrometre range, where long coherent trapping times have been demonstrated. In the secondgeneration FFP fabrication method used here, a laser surface machining process is used to shape the mirror surfaces, which has allowed us to achieve a finesse of F 5 37,000 for the cavity used here, and should ultimately enable F 5 150,000 (for mirrors where transmission equals total loss), based on the measured surface roughness. Additionally, this method can produce very small radii of curvature. The FFP1 cavity used here has an asymmetric geometry with radii r 1 5 450 mm and r 2 5 150 mm (measured by atomic force microscopy), and uses a singlemode (SM) fibre on the input side, while a multi-mode (MM) output fibre on the output side assures high outcoupling efficiency (Fig. 1c) . There is a splitting between modes of orthogonal linear polarization, which is 540 MHz between the TEM00 modes in our cavity. This allows us to adjust probe beam polarization to one particular linear polarization. However, owing to the direct fibre coupling, we are currently unable to determine the axis of this polarization in the y-z plane. The cavity length d 5 38.6 mm (longitudinal mode number n 5 99) is confirmed by two-frequency transmission measurements, and the waist radius w 0 5 3.9 mm is inferred from this d and the mirror curvatures. These parameters lead to the g 0 value quoted in the main text. With a Rayleigh length of about 60 mm, the cavity mode is quasi-cylindrical: the variation of the beam radius w(x) is 12%. (In the fit of Fig. 2b , this variation is taken into account.) The resonance linewidth 2k is measured with two frequency-stabilized lasers. The transmission of each cavity mirror is T 5 31 6 2 p.p.m. as determined from a reference substrate coated in the same batch as the fibres. From this value and the measured finesse, we infer per-mirror intensity losses L 5 56 p.p.m. The measured intensity transmission from before the input of the SM fibre to after the output of the MM fibre is 0.094 for a resonant cavity. Comparison to the calculated transmission of the cavity T T zL 2~0 :126 indicates that the combined losses of coupling into the SM fibre, mode-matching into the cavity, and from the cavity to the MM fibre are 0.253, a low value. The cavity length is actively stabilized to compensate for thermal drifts of ,1,500 linewidths. The locking scheme uses a correction signal from FFP2 which is locked on a resonance and subjected to the same thermal perturbations as FFP1; residual drifts of a few linewidths are corrected using an error signal derived from the 830 nm lattice beam. Atom chip and BEC production. The cavity subassembly is glued onto an atom chip, which forms the top wall of a commercial glass cell 31 . Sealed fibre feedthroughs are formed simply by two slits machined into opposite walls of the cell, which are filled with vacuum-compatible epoxy glue once the fibres are in place. Base pressure in the cell is 3 3 10 210 hPa, comparable to the pressure in similar cells without cavities. As in our previous work 32 , we use a mirror-magnetooptical trap (MOT) to precool 87 Rb atoms. To avoid obscuring of MOT beams by the cavity subassembly, the horizontal MOT beams are parallel to the x axis and there is a distance of 11 mm along y between the MOT (position A in Fig. 1a ) and cavity centres. After optical pumping to the jF 5 2,m F 5 2ae state and initial magnetic trapping near the MOT location and magnetic transport (which combines a wire guide 11 and an external quadrupole field), the atoms are further cooled by forced radio-frequency evaporation in a 'dimple' trap 32 (formed by a wire cross with currents 3 A and 300 mA) between the chip surface and the cavity mode at position B (Fig. 1b) ; the BEC is produced 17 mm above the mode axis. Alternatively, in some experiments, we use surface evaporation 33, 34 near one of the fibre endfaces, as we found that this increases atom number stability for small condensates. The trap geometry is prolate (cigar-shaped); by ramping wire currents we can align its long axis parallel or perpendicular to the cavity axis 35 , as required in a particular experiment. Absorption imaging inside and above the cavity is possible with a probe beam in the y-z plane, which subtends an angle of 30u with the chip surface and is reflected by the dielectric coating on the chip before its passage through the cavity (Fig. 1d) . This reflection limits the achievable purity of the desired circular polarization; furthermore, camera noise in conjunction with the magnification of about 4 forces us to use a relatively high imaging beam intensity that causes some saturation. We have not attempted to correct these effects, all of which lead to an underestimation of N. Atom numbers extracted from the cavity QED measurements by using calculated g g 1 values are systematically higher by about a factor of 2. BEC coupling strength. In Fig. 3a the circles show the coupling strength g N for BECs held in a magnetic trap (n x,z 5 2.7 kHz, n y 5 230 Hz, bias field B y < 1 G), with atom numbers N ranging from 260 to 950. g N is reduced by a factor of about 0.86 (mean value over the seven measurements) with respect to the values measured for thermal samples in the combined trap (same trap parameters as in Fig. 2b ). The expected reduction in g N is calculated using the density distributions of the BECs in the one-dimensional/three-dimensional crossover regime 24 and the density distribution of thermal clouds at 4.4 mK, as obtained from the fit in Fig. 2b . This assumes that the final temperature of the sample is independent of N when loading BECs. We find a reduction by a factor 0.83 (mean value), in good agreement with the measured value. For these measurements a very weak probe beam is used, n res 5 6.3 3 10 24 , in order to leave the condensate unaffected. For each of the seven data points, we average over four identical experimental runs to obtain a clear transmission signal.
